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INTEGRATED ADAPTIVE CABLE 
EQUALIZER USING A CONTINUOUS-TIME 

FILTER 

TECHNICAL FIELD OF THE INVENTION 

The present invention relates to adaptive cable equalizers 
and, in particular, to an integrated adaptive cable equalizer 
utilizing a continuous-time ?lter. 

BACKGROUND OF THE INVENTION 

With the substantial increases in both digital (and analog) 
communications and communications networks, the effects 
(i.e., attenuation, frequency variations, etc.) of the intercon 
nection cabling (i.e., tWisted pair, coaxial, etc.) on the 
communications signals is becoming ever important. Com 
munications channels typically consist of one-Way channels, 
tWo-Way channels, or may comprise communication 
netWork(s) such as Wide area netWorks (WANs), metropoli 
tan area netWorks (MANs), or local area netWorks (LANs). 
Such netWorks may include token ring systems, ethernet 
communications, etc. The communications channel or link 
typically comprises one or more cables. Transmission of the 
communications signal over a cable (i.e., transmission 
medium) typically causes distortion of the signal. This 
distortion generally occurs as attenuation and frequency 
variations in the signal Which are caused by cable length, 
temperature, interconnection loss, etc. 

In order to correct for the distortion, “equalizers” have 
been designed and incorporated into the receiving end of the 
communications channel to “equalize” the signal. For 
equalization, in some applications, a compromise ?xed 
equalizer is employed to compensate the channel in cables 
and magnetic storage channels. The performance of a com 
promise ?xed equalizer degrades at short and long cable 
lengths since it is generally optimized for a medium cable 
length. For magnetic read channels, the performance of a 
compromise ?xed equalizer degrades With ?uctuations in the 
read channel. 

Other equalization methods use an adaptive algorithm to 
automatically adjust the equalizer to compensate for the 
distortion caused by the cable (communications channel), 
and include both ?xed and variable components. These 
methods generally require, in some fashion, tuning of the 
?xed components of the equalizer to compensate for process 
variations. Such algorithms adjust the variable components 
to compensate for the channel variations and process varia 
tions. Another implementation uses off-chip resistors and 
capacitors for the ?xed components and off-chip PIN diodes 
for the variable components. The problem With such an 
implementation is that it is expensive and requires a large 
amount of area. Another solution uses an adaptive algorithm 
to tune several poles and zeros of the equalizer separately. 
HoWever, this requires complex circuitry to calculate 
gradients, and often Will not converge to the optimal solution 
unless training is used. Still another implementation uses a 
multiple-loop-feedback method to realize a general purpose 
analog ?lter function that can be designed to operate as an 
equalizer Which has a gain that increases With frequency. 
This type of equalizer requires multiple parameters to adjust, 
and it also requires a separate variable gain ampli?er (VGA). 
In addition, it also requires ?xed components that Will vary 
With the manufacturing process, thus requiring a tuning 
mechanism to compensate for process tolerances. 

Accordingly, there exists a need for a cable equalizer that 
compensates for variations in the communications signal 
caused by distortion in the cable and further compensates for 
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2 
the relatively large process tolerances of the components on 
an integrated circuit. Further, there is needed an adaptive 
cable equalizer comprising an integrated continuous-time 
?lter for adaptively compensating for cable variations and 
semiconductor process variations. Also, there is needed a 
simple and relatively inexpensive control system to adapt 
the integrated equalizer Without training. Such an imple 
mentation can be implemented in standard CMOS technol 
ogy and Will also eliminate the need for a variable gain 
ampli?er (VGA) circuit. There is also needed an adaptive 
equalizer Which does not require accurate ?xed components 
that Would require tuning. In addition, there exists a need for 
a high-order integrated adaptive cable equalizer that per 
forms higher order ?lter functions and that utilizes at most 
tWo control parameters. 

SUMMARY OF THE INVENTION 

According to the present invention, there is provided an 
adaptive equalizer including an integrated continuous-time 
?lter fabricated on a substrate for receiving and ?ltering an 
input signal from a cable and generating an output signal, the 
output signal being an equalized version of the input signal. 
The equalizer further processes the output signal and gen 
erates a control signal for feedback to the integrated 
continuous-time ?lter. The control signal controls transfer 
characteristics of the integrated continuous-time ?lter such 
that distortion in the input signal from the cable and semi 
conductor process variations in the integrated continuous 
time ?lter are compensated. 

In accordance With the present invention, there is pro 
vided an apparatus including an integrated continuous-time 
?lter fabricated on a substrate for receiving and ?ltering an 
input signal from a cable and generating an output signal, the 
output signal being an equalized version of the input signal. 
The apparatus also includes circuitry, coupled to the inte 
grated continuous-time ?lter in a feedback loop, for pro 
cessing the output signal and generating a gain control signal 
and a bandWidth control signal for feedback to the integrated 
continuous-time ?lter. The gain control signal and the band 
Width control signal adjust the transfer characteristics of the 
integrated continuous-time ?lter thereby compensating for 
loss and distortion of the input signal caused by the cable 
and tuning the integrated continuous-time ?lter to compen 
sate for semiconductor process variations in the integrated 
continuous-time ?lter. 

In accordance With the present invention, there is pro 
vided a method for compensating for distortion of a signal 
caused by the transmission of the signal through a transmis 
sion medium. The method includes the step of receiving the 
signal and performing an adaptive algorithm on the received 
signal using one or more knoWn parameters of the received 
signal A control signal is generated in response to the 
performance of the adaptive algorithm that is fed back to an 
integrated continuous-time ?lter. The received signal is 
?ltered With the integrated continuous-time ?lter to generate 
an equalized signal. 
The foregoing has outlined rather broadly the features and 

technical advantages of the present invention in order that 
the detailed description of the invention that folloWs may be 
better understood. Additional features and advantages of the 
invention Will be described hereinafter Which form the 
subject of the claims of the invention. It should be appre 
ciated by those skilled in the art that the conception and the 
speci?c embodiment disclosed may be readily utilized as a 
basis for modifying or designing other structures for carry 
ing out the same purposes of the present invention. It should 
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also be realized by those skilled in the art that such equiva 
lent constructions do not depart from the spirit and scope of 
the invention as set forth in the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the present 
invention, and the advantages thereof, reference is made to 
the folloWing description taken in conjunction With the 
accompanying drawings, Wherein: 

FIG. 1 illustrates an adaptive cable equalizer in accor 
dance With the present invention; 

FIG. 2 is a digital implementation of signal processing 
circuitry shoWn in FIG. 1; 

FIG. 3 is an analog implementation of signal processing 
circuitry shoWn in FIG. 1; 

FIG. 4 illustrates a Gm-C implementation of a tWo-pole, 
one-zero continuous-time ?lter With variable bandWidth and 
gain to implement the adaptive cable equalizer; 

FIG. 5 is an illustration of a symbol for a fully differential 
transconductor; 

FIG. 6 illustrates a schematic diagram of a fully differ 
ential transconductor; and 

FIG. 7 illustrates a frequency response of the equalizer 
shoWn in FIG. 4, for p1=7.2 MHz, p2=230 MHz, and z1=4.8 
MHz. 

DETAILED DESCRIPTION OF THE 
INVENTION 

With reference to the draWings, like reference characters 
designate like or similar parts throughout the draWings. 
NoW referring to FIG. 1, there is illustrated a block 

diagram of an adaptive cable equalizer 100 in accordance 
With the present invention. The adaptive cable 100 includes 
tWo major components—a continuous-time ?lter 102 and 
processing circuitry 104. The adaptive cable equalizer 100 
receives a signal 112 transmitted over a transmission 
medium 110 (i.e., a cable). As Will be appreciated, the 
normal operation of transmitting the signal 112 through the 
transmission medium 110 (sometimes referred to as the 
channel) causes distortion in the received signal 112. This 
distortion includes attenuation of the signal 112 as Well as 
distortion in the frequency response of the signal 112, and is 
effectuated by the length of the transmission line, any 
included connectors, temperature, etc. The characteristics of 
the channel may vary at any given time. 

The adaptive cable equalizer 100 receives the signal 112 
from the transmission medium 110 and “equalizes” the 
signal 112, thereby generating the equalized signal 114. This 
“equalization” compensates for the distortion in the signal 
112 caused by the transmission medium 110, including 
distortion caused by environmental effects on the transmis 
sion medium 110. The continuous-time ?lter 102 outputs the 
equalized signal 114 Which is also input to the processing 
circuitry 104. The processing circuitry 104 operates on the 
equalized signal 114 in a closed loop feedback fashion to 
generate the control signal 116. The control signal 116 
“tunes” or adjusts the transfer characteristic(s) of the 
continuous-time ?lter 102 to provide the desired compen 
sation. 

In contrast to continuous-time ?lters, conventional analog 
?lters are generally composed of discrete elements, includ 
ing resistors, capacitors and inductors. It is Well-knoWn hoW 
to design passive LC netWorks or active RC circuits to 
derive a given transfer function. In order to contain costs and 
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reduce complexity, as Well as size, techniques have been 
developed to integrate complex analog ?lter functions on 
semiconductor chips. These ?lters are commonly referred to 
as integrated continuous-time ?lters. Integrated continuous 
time ?lters are typically comprised of active elements (e.g., 
operational ampli?ers, operational transconductance 
ampli?ers, transconductors, etc.) and resistors and 
capacitors, usually con?gured in an RC feedback netWork. 

In order to provide operation of an integrated ?lter Within 
the required frequency parameters, very accurate absolute 
values of resistors, transconductors and capacitors must be 
realized and maintained. HoWever, integration of such com 
ponents on a chip produces components having large toler 
ances. Although integrated circuit (IC) processing reliably 
realizes accurate ratios of like components on a chip, pro 
cessing tolerances of absolute values of resistors, capacitors 
and transistor parameters are generally of the order of 20 to 
50 percent. As such, the magnitudes of these tolerances are 
too large for a ?lter to perform Within speci?cations. In order 
to use these relatively inexpensive integrated analog ?lters, 
some type of tuning or adjustment mechanism is required to 
compensate for semiconductor process variations (or 
tolerances) of the elements of the continuous-time ?lter. As 
such, the processing circuitry 104 compensates for both 
cable distortion (attenuation and frequency response) and 
variations in the ?lter characteristics caused by semiconduc 
tor process variations. 

As described earlier, the processing circuitry 104 pro 
cesses the signal 114 output from the continuous-time ?lter 
102 and generates a control signal 116. The control signal 
116 is fed back to the integrated continuous-time ?lter 102 
and adjusts the transfer characteristics of the integrated 
continuous-time ?lter 102 thereby compensating for loss and 
distortion of the signal 112 caused by the transmission 
medium 110 and further tuning the integrated continuous 
time ?lter 102 to compensate for semiconductor process 
variations in the integrated continuous-time ?lter 102. 
NoW referring to FIG. 2, there is shoWn a digital imple 

mentation of the signal processing circuitry 104 shoWn in 
FIG. 1. The signal 114 output from the continuous-time ?lter 
102 is input to an analog-to-digital converter 202. An 
optional gain stage 200 may be included to provide ampli 
?cation if desired. Accordingly, the digital version of the 
signal 114 is input to digital signal processing circuitry 204 
for processing. The digital signal processing circuitry 204 
may include one or more digital ?lters, a digital signal 
processor (DSP), and the like, and/or other circuitry for 
digitally processing the signal 114. It Will be understood by 
those skilled in the art that hardWare and/or softWare may be 
used to perform the digital signal processing. 

Current literature provides several adaptive algorithms for 
computing/calculating the control signal 116 for optimal 
equalization. In one embodiment, the digital signal process 
ing circuitry 204 utilizes an adaptive algorithm to generate 
the control signal 116 by minimizing the autocorrelation of 
the received signal 114. Autocorrelation refers to the mea 
sure of correlation betWeen samples of the signal at different 
times. Autocorrelation methods and techniques are Well 
knoWn in the art. This method is relatively effective since the 
autocorrelation is independent of the amplitude of the 
received signal 114 thus alloWing optimization of the gain 
and frequency response of the transmission medium 110 
independently and Without any type of training. 
The digital signal processing circuitry 204 generates tWo 

control parameters for controlling the continuous-time ?lter 
102. One of the parameters controls gain While the other 
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controls the frequency response of the continuous-time ?lter. 
The control signal is generated by the digital signal pro 
cessing circuitry 204 in response to a comparison betWeen 
frequency and amplitude characteristics of the output signal 
114 of the integrated continous-time ?lter 102 and ideal 
frequency and amplitude characteristics of the input signal 
112. As illustrated in FIG. 2, tWo digital-to-analog (D/A) 
converters 206, 208 provide conversion of the tWo control 
parameters to analog signals. The D/A converter 206 outputs 
an analog gain control signal 210 (VG) and the D/A con 
verter 208 outputs an analog bandWidth control signal 212 
(VC). As such, the tWo-parameter equaliZer 100 includes the 
gain control signal 210 for compensation of attenuation and 
the bandWidth control signal 212 for compensation of band 
Width (frequency response). These parameters adjust the 
transfer characteristics of the continuous-time ?lter 102. 
NoW referring to FIG. 3, there is shoWn an analog 

implementation of the signal processing circuitry 104 shoWn 
in FIG. 1. The signal processing circuit 104 includes analog 
processing circuitry 302. SomeWhat synonymous to the 
digital implementation, the gain processing circuitry 302 
generates a single combined control signal 310, 312. The 
gain processing circuitry 302 includes a peak detector 304 
and a signal reference 306. The gain processing circuitry 302 
senses or analyZes amplitude of the received signal and 
compares it to the signal reference 306 to generate the 
feedback control signal 310, 312. When the peak detector 
304 detects amplitude, the signal reference 306 typically 
includes a voltage reference More complex circuitry may be 
used Whereby the peak detector 304 comprises an energy 
detector and the signal reference 306 includes a frequency 
and voltage reference. The signal 310, 312 adjust the transfer 
characteristics of the continuous-time ?lter 102. In addition, 
the signal processing circuitry 104 may include an optional 
gain stage 300 to provide ampli?cation if desired. 

The analog implementation of the signal processing cir 
cuitry 104, as shoWn in FIG. 3, is designed (With desired 
poles and Zeros) to utiliZe a single control parameter for 
adjusting the transfer characteristics of the continuous-time 
?lter 102, such as Where loW frequency gain does not vary 
signi?cantly. As Will be appreciated, an optional method of 
generating bandWidth control could include circuitry for 
?ltering the received signal at different frequency ranges and 
comparing the ?ltered signals to generate an independent 
bandWidth control signal 312, that is separate from the gain 
control signal 310. Such an embodiment Would require 
additional complex circuitry to perform the ?ltering and 
comparing function, if desired. 
A popular method of implementing continuous-time ?l 

ters is the Gm-C method, and FIGS. 4—6 illustrate the 
implementation of the continuous-time ?lter 102 using this 
method. Other methods for implementation may include 
active RC, MOSFET-C, etc. These and other types/methods 
may be used if they are better suited for the semiconductor 
process technology utiliZed and the bandWidth requirements 
for the desired application. The advantage of utiliZing the 
Gm-C con?gured continuous-time ?lter 102 in the adaptive 
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referring to FIG. 4, there is illustrated the continuous-time 
?lter 102 designed using a plurality of fully differential 
transconductors 400, 402, 404, 406, 408 (FIG. 5 illustrates 
the symbol for a fully differential transconductor). NoW 
referring to FIG. 6, there is illustrated a schematic diagram 
of a typical transconductor . The transconductor forms an 
integrator by forcing a current proportional to the input 
voltage onto a capacitor. The transconductance (Gm) of a 
transconductor can be varied With a control voltage VC 
(shoWn in FIG. 6). 
NoW referring back to FIG. 4, there is illustrated a 

tWo-parameter continuous-time ?lter 102 utiliZed to com 
pensate for transmission medium 110 distortion and process 
variations. The illustrated ?lter 102 has tWo poles and one 
Zero. As Will be appreciated, the ?lter 102 may be designed 
to have any desired number of poles and Zeros (i.e., transfer 
characteristics). By properly placing the relative positions of 
the poles and Zeros of the equaliZer 100, these poles and 
Zeros can be scaled to compensate for both process toler 
ances and transmission medium channel variations. This 
method may also be used for higher order equaliZers to 
equaliZe the channel more accurately, hoWever only tWo 
parameters are needed to adjust the equaliZer 100. 

Prior art continuous-time ?lters typically require tuning or 
training to adjust for semiconductor process variations, and 
generally utiliZe either a master ?lter, a control loop Whereby 
each pole or Zero is controlled by an independent control 
signal, or a least mean square method to tune or train the 
continuous-time ?lter. The present invention provides a 
continuous-time ?lter having one or more poles and Zeros. 
UtiliZation of a continuous-time ?lter in accordance With the 
present invention provides a ?lter With pole and Zero loca 
tions in a ?Xed relation. Accordingly, only one control signal 
is required to scale the poles and Zeros thereby adjusting the 
transfer characteristics of the continuous-time ?lter to com 
pensate for distortion in the transmission channel and to 
compensate for semiconductor process variations. As such, 
all the pole and Zero locations are shifted in a ?Xed rela 
tionship to change the ?lter transfer characteristics resulting 
in the ability to automatically compensate (or equaliZe) the 
received signal With respect to attenuation and bandWidth. 
The ?Xed ratio of the poles and Zeros of the ?lter provide the 
capability not only to compensate for the channel distortion, 
but at the same time, compensate for semiconductor process 
variations that result in relatively high tolerances for ele 
ments of the continuous-time ?lter. 

ShoWn in FIG. 4 is a grounded-capacitor implementation 
of a fully differential one Zero and tWo pole continuous-time 
?lter 102 of the equaliZer 100. The transfer function for the 
equaliZer 100 is: 

[1(5) : (1) 

The pole and Zero locations for the equaliZer 100 are: 

(2) 

equaliZer 100 is the relatively high bandWidths that can be 
achieved With these type of continuous-time ?lters. NoW 

65 
The frequency response of the equaliZer 100 for p1=7.2 

MHZ, p2=230 MHZ, and Z1=4.8 MHZ is shoWn in FIG. 7. 
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Referring back to FIG. 4, the tWo control signals, VC and 
VG, are used to set the bandwidth and gain, respectively, of 
the equalizer 100. The gain control signal VG is used to 
control Gml, and the bandWidth control VC is used to control 
Gmz, Gm3, GM, and Gms. A separate VGA is not necessary 
to control the gain. Higher order equalizers can be designed 
by cascading several of the equalizers shoWn in FIG. 4. 

The transconductance of the transconductor shoWn in 
FIG. 6 in terms of the small signal parameters of the MOS 
transistors is: 

1 (3) 

— + R032 
gm] 

Where: 

Where V5 is the source voltage of M1 (transistors MM and 
M15 shoWn in FIG. 2), and VTH, k‘, W, and L are the 
threshold voltage, current gain, Width and length of an 
N-channel FET, respectively. Since the circuit is fully 
differential, common-mode feedback (not shoWn) must be 
used to control VBIAS to force the output common-mode 
voltage to a voltage in the linear operating range of the 
transconductor. 

Since the attenuation in most cables is dominated by the 
skin effect, the cable attenuation is proportional to the square 
root of frequency. This neW solution takes advantage of this 
characteristic to simplify the complexity of the tuning sys 
tem. The Laplace representation of a cable dominated by the 
skin effect can be expressed as: 

Where 0t is the attenuation constant for the cable, 1 is the 
length of the cable, and s=juu is the Laplace operator. The 
equalizer 100 must compensate for this cable attenuation. 
Since the equalizer 100 is implemented using analog 
continuous-time techniques, the frequency response can be 
represented in the s domain using poles and zeros. The 
equalizer transfer function is: 

” (6) 

[1(5) : ABE + 

111ml.) 

Due to process variations, the location of the poles and 
zeros Will vary by a large amount. HoWever, since the 
matching of components on an integrated circuit chip is 
accurate, the ratio of any pole or zero to another pole or zero 
Will be approximately constant. The process variations and 
the bandWidth control voltage can be included in the expres 
sion for the equalizer response: 
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(7) 

Where VC represents the bandWidth control voltage, and b 
(nominally 1) and VT are random variables that represent 
process variations, and zk, pk are the nominal zero and pole 
locations. All of the pole and zero locations can be scaled 
linearly by scaling the transconductances Gm2—Gm5. Here it 
is assumed that RDS2>>l/gm1 for the transconductor. 
HoWever, if this is not the case, the effect is to make 
transconductance a non-linear function of the bandWidth 
control voltage This effect Will not affect the matching of 
ratioed transconductors as long as Wl/Ll, W2/L2, and IBIAS 
are all scaled by the same amount. 

Since the equalizer 100 is compensating for both the 
process variations on the integrated circuit and the distortion 
caused by the cable, the required tuning range over Which it 
must operate may be large. To avoid distortion in the signal 
path, transistor M2 should remain in its linear (ohmic) region 
of operation over this range. This sets the loWer limit of the 
transconductance. The bandWidth control VC is limited by 
the maximum output of the control circuitry. This may set 
the upper limit on the transconductance. Also, as the band 

Width control VC increases, the transconductance is no 
longer dominated by the resistance of M2, the transconduc 
tances of the input devices (gml) start to be more signi?cant 
(see Equation This has tWo effects on the preceding 
analysis. One is the distortion increases since gm1 is more 
signal dependent than RDSZ. The second effect is the upper 
limit of the transconductance approaches gm1 as the band 
Width control VC increases. This causes the transconduc 
tance to be a sub-linear function of bandWidth control VC 
thereby decreasing the tuning range When the bandWidth 
control VC is large. This problem can be alleviated by 
making the aspect ratio of the input devices M1 much larger 
than the aspect ratio of M2. HoWever, increases in the size 
of M1 can produce a zero in the integrator transfer function 
formed by the parasitic capacitance at the source node of the 
input pair. This can cause the phase of the integrator to 
deviate from 90° Which can affect the ?lter transfer function. 

Assume that VMAX is the maXimum bandWidth control 
voltage alloWable either due to distortion in the signal path 
or the maXimum output voltage of the control circuitry. Also, 
assume that the minimum bandWidth control voltage is set 
so that M2 is in the linear region to avoid distortion in the 
signal path. The bandWidth control voltage range is: 

Where V5 is the source voltage of the input pair, VTH is the 
threshold voltage of the N-channel FET, and Vipp is the 
differential peak-to-peak input voltage of the transconductor. 
The tuning range of the transconductor is: 
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W2 
Zk? ,D wimp/4) 

Ran e- 1,2 g _ 1 1 

+ W— 2 

2k/ E11) MEG/MAX — Vs — VTH) 
1,2 

This shows that as the amplitude of the input increases the 
tuning range decreases. Equation (9) is only an approxima 
tion of the range of the transconductor. Generally the range 
must be determined by simulation to account for all of the 
second order effects such as the transistor body effect. 

The dynamic range of the ?lter is de?ned as the signal 
level at the output compared to the noise plus distortion 
levels at the output. There are several things that can be done 
to improve the dynamic range of the ?lter. One is to make 
the output common mode level more compatible With the 
input common mode level. This may require a level shift at 
the output or the input of the transconductor in FIG. 6. A 
folded cascade output Will both level shift the common 
mode output level and increase the output impedance. 

In the equation for the transfer function of the equaliZer 
100 there are seven independent variables. There are only 
four parameters to set for the equaliZer 100: the gain, the tWo 
poles, and the Zero. This means that the signal level V1 at the 
internal node can be set independently of these. If this 
voltage is too large compared to the signal levels at the input 
and output, distortion Will result. If the signal level is too 
small compared to the input and output, noise that couples 
into this node Will become a problem. Dynamic range 
optimiZation Will scale the transfer function from the input 
to this node for the optimal performance. The transfer 
function to this node is: 

10 
[1(5): ( ) 

The equaliZer 100 is nominally designed to approximate 
the inverse of root-f cable When the cable is at a maximum 
length: 

: (11) 

11(5) = 2: calm” ‘5 ms wmax 

Where Vclmax is the bandWidth control voltage When the 
cable length is at a maximum and the process is nominal. It 
is only possible to approximate the exponential and this 
approximation is only valid over a ?nite frequency range 
uuéuumwc. Since biquadratic circuits are cascaded in FIG. 4 
that have tWo poles and a Zero, to approximate the inverse 
of root-f cable one of the poles must be at a frequency out 
of the frequency range of the data spectrum. Also, a more 
accurate representation can be achieved by cascading sev 
eral of the circuits in FIG. 4. The nominal pole and Zero 
locations in may be optimiZed using a curve ?tting routine 
minimiZing the magnitude of the error betWeen the pole-Zero 
response and inverse root-f attenuation. 

By adjusting VC, process variations can be compensated. 
For maximum cable length: 
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(12) 

For other cable lengths, it is desired to have the equaliZer 
100 to have the transfer function: 

(13) 

By making a change of variables (the equivalent of scaling 
frequency) in the above of s=s(lmax/l)2: 

.11.. 
HP 

511m / 02 

Comparing equation (14) to equation (11), both pole-Zero 
responses approximate the same exponential: 

sum/02 (15) 

n 

THU sum/02 ] [1+ 5 ] 
b(VC - VT)” H vclmax — WW1 

: 

From this, the equaliZer 100 can approximate the inverse 
of various cable lengths and compensate for process toler 
ances by scaling the frequency of the transfer function. This 
frequency scaling can be accomplished by scaling all of the 
poles and Zeroes of the equaliZer by the same scale factor. 
This can be done by changing the bandWidth control VC of 
the equaliZer 100. Setting the pole or Zero locations to be the 
same in equation (15) and solving for the control voltage: 

v 
C b 

From this, the bandWidth control VC can be adjusted to 
approximate the inverse of root-f cable for any cable length 
l<lmax. The bandWidth control VCWIII also be adjusted to 
compensate for the process variations b and VT. The range 
of the control voltage is: 

(mm - WWW/02 + (17) 
VTMIN 5 Vc 5 

bMIN 
VTMAX 

Where VTMIN and VTMAX are the minimum and maximum 
values of VT, and bTMIN and bTMAX are the minimum and 
maximum values of b. 

It Will be understood by those skilled in the art that there 
are several adaptive algorithms used to compute the band 
Width control VG for optimal equaliZation. One of these uses 
a tWo-parameter equaliZation system for metallic cables. It 
minimiZes the autocorrelation of the received data for base 
band channels. It also uses the amplitude of the signal to set 
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the gain parameter. This method is effective since the 
autocorrelation is independent of the amplitude of the signal 
making it possible to optimize the gain and the frequency 
response of the channel independently Without training. The 
continuous-time ?lter 102 in FIG. 4 can implement these 
algorithms since it alloWs for bandWidth control VCand gain 
control VG. 

It Will be appreciated that many various Ways and means 
may be designed to provide the functions of the signal 
processing circuitry 104, and as such, the use of any type of 
hardWare and/or softWare is not intended to limit in any Way 
the present invention. 

Although the present invention and its advantages have 
been described in the foregoing detailed description and 
illustrated in the accompanying draWings, it Will be under 
stood by those skilled in the art that the invention is not 
limited to the embodiment(s) disclosed but is capable of 
numerous rearrangements, substitutions and modi?cations 
Without departing from the spirit and scope of the invention 
as de?ned by the appended claims. 
What is claimed is: 
1. An adaptive equaliZer comprising: 
an integrated continuous-time ?lter fabricated on a sub 

strate for receiving and ?ltering an input signal from a 
cable and generating an output signal, the output signal 
being an equaliZed version of the input signal; and 

circuitry for processing the output signal and generating a 
control signal for feedback to the integrated 
continuous-time ?lter, the control signal controlling 
transfer characteristics of the integrated continuous 
time ?lter such that distortion in the input signal from 
the cable is compensated Wherein the control signal 
comprises: 
a bandWidth control signal for controlling the band 

Width of the integrated continuous-time ?lter; and 
a gain control signal for controlling the gain of the 

integrated continuous-time ?lter. 
2. The equaliZer in accordance With claim 1 Wherein the 

circuitry for processing is fabricated on the substrate. 
3. The equaliZer in accordance With claim 1 Wherein 

semiconductor process variations in the integrated 
continuous-time ?lter are compensated. 

4. The equaliZer in accordance With claim 3 Wherein the 
circuitry for processing is fabricated on the substrate. 

5. The equaliZer in accordance With claim 3 Wherein the 
equaliZer is a higher order equaliZer Whereby the transfer 
characteristics of the continuous-time ?lter includes at least 
tWo poles and tWo Zeros. 

6. An adaptive equaliZer comprising: 
an integrated continuous-time ?lter fabricated on a sub 

strate for receiving and ?ltering an input signal from a 
cable and generating an output signal, the output signal 
being an equaliZed version of the input signal; and 

circuitry for processing the output signal and generating a 
control signal for feedback to the integrated 
continuous-time ?lter, the control signal controlling 
transfer characteristics of the integrated continuous 
time ?lter such that distortion in the input signal from 
the cable is compensated Wherein the circuitry for 
processing comprises analog signal processing cir 
cuitry for generating the control signal in response to a 
comparison betWeen amplitude characteristics of the 
output signal of the integrated continuous-time ?lter 
and ideal amplitude characteristics of the input signal. 

7. The equaliZer in accordance With claim 6 Wherein the 
analog signal processing circuitry comprises a peak detector. 
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8. An adaptive equaliZer comprising: 
an integrated continuous-time ?lter fabricated on a sub 

strate for receiving and ?ltering an input signal from a 
cable and generating an output signal, the output signal 
being an equaliZed version of the input signal; and 

circuitry for processing the output signal and generating a 
control signal for feedback to the integrated 
continuous-time ?lter, the control signal controlling 
transfer characteristics of the integrated continuous 
time ?lter such that distortion in the input signal from 
the cable is compensated Wherein the circuitry for 
processing comprises digital signal processing circuitry 
for generating the control signal in response to a 
comparison betWeen frequency and amplitude charac 
teristics of the output signal of the integrated 
continuous-time ?lter and ideal frequency and ampli 
tude characteristics of the input signal. 

9. The equaliZer in accordance With claim 8 Wherein the 
control signal comprises: 

a bandWidth control signal for controlling the bandWidth 
of the integrated continuous-time ?lter; and 

a gain control signal for controlling the gain of the 
integrated continuous-time ?lter. 

10. The equaliZer in accordance With claim 9 Wherein the 
digital signal processing circuitry comprises: 

an analog-to-digital converter for converting the output 
signal into a digital output signal; 

circuitry means for processing the digital output signal 
using an autocorrelation algorithm and generating a 
digital bandWidth control signal and a digital gain 
control signal; 

a ?rst digital-to-analog converter for converting the digi 
tal bandWidth control signal into the bandWidth control 
signal for input to the integrated continuous-time ?lter; 
and 

a second digital-to-analog converter for converting the 
digital gain control signal into the gain control for input 
to the integrated continuous-time ?lter. 

11. An adaptive equaliZer comprising: 
an integrated continuous-time ?lter fabricated on a sub 

strate for receiving and ?ltering an input signal from a 
cable and generating an output signal, the output signal 
being an equaliZed version of the input signal; and 

circuitry for processing the output signal and generating a 
control signal for feedback to the integrated 
continuous-time ?lter, the control signal controlling 
transfer characteristics of the integrated continuous 
time ?lter, such that distortion in the input signal from 
the cable is compensated Wherein semiconductor pro 
cess variations in the integrated continuous-time ?lter 
are compensated Wherein the circuitry for processing 
comprises analog signal processing circuitry for gen 
erating the control signal in response to a comparison 
betWeen amplitude characteristics of the output signal 
of the integrated continuous-time ?lter and ideal ampli 
tude characteristics of the input signal. 

12. The equaliZer in accordance With claim 11 Wherein the 
analog signal processing circuitry comprises a peak detector. 

13. An adaptive equaliZer comprising: 
an integrated continuous-time ?lter fabricated on a sub 

strate for receiving and ?ltering an input signal from a 
cable and generating an output signal, the output signal 
being an equaliZed version of the input signal; and 

circuitry for processing the output signal and generating a 
control signal for feedback to the integrated 
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continuous-time ?lter, the control signal controlling 
transfer characteristics of the integrated continuous 
time ?lter such that distortion in the input signal from 
the cable is compensated Wherein semiconductor pro 
cess variations in the integrated continuous-time ?lter 
are compensated Wherein the circuitry for processing 
comprises digital signal processing circuitry for gener 
ating the control signal in response to a comparison 
betWeen frequency and amplitude characteristics of the 
output signal of the integrated continuous-time ?lter 
and ideal frequency and amplitude characteristics of the 
input signal. 

14. The equalizer in accordance With claim 13 Wherein the 
control signal comprises: 

a bandWidth control signal for controlling the bandWidth 
of the integrated continuous-time ?lter; and 

a gain control signal for controlling the gain of the 
integrated continuous-time ?lter. 

15. The equaliZer in accordance With claim 14 Wherein the 
digital signal processing circuitry comprises: 

an analog-to-digital converter for converting the output 
signal into a digital output signal; 

circuitry means for processing the digital output signal 
using an autocorrelation algorithm and generating a 
digital bandWidth control signal and a digital gain 
control signal; 

a ?rst digital-to-analog converter for converting the digi 
tal bandWidth control signal into the bandWidth control 
signal for input to the integrated continuous-time ?lter; 
and 

a second digital-to-analog converter for converting the 
digital gain control signal into the gain control for input 
to the integrated continuous-time ?lter. 

16. An adaptive cable equaliZer comprising: 
an integrated continuous-time ?lter fabricated on a sub 

strate receiving and ?ltering an input signal from a 
cable and generating an output signal, the output signal 
being an equaliZed version of the input signal; and 

circuitry, coupled to the integrated continuous-time ?lter 
in a feedback loop, for processing the output signal and 
generating a gain control signal and a bandWidth con 
trol signal for feedback to the integrated continuous 
time ?lter, the gain control signal and the bandWidth 
control signal adjusting the transfer characteristics of 
the integrated continuous-time ?lter thereby compen 
sating for loss and distortion of the input signal caused 
by the cable and tuning the integrated continuous-time 
?lter to compensate for semiconductor process varia 
tions in the integrated continuous-time ?lter. 

17. The adaptive cable equaliZer in accordance With claim 
16 Wherein the continuous-time ?lter comprises a plurality 
of transconductors implemented in a transconductance 
capacitor con?guration. 

18. The adaptive cable equaliZer in accordance With claim 
17 Wherein the transconductance of the plurality of transcon 
ductors adjusted in response to the gain control signal and 
the bandWidth control signal. 

19. The adaptive cable equaliZer in accordance With claim 
16 Wherein the continuous-time ?lter comprises: 

a ?rst transconductor coupled to the gain control signal, 
the gain control signal controlling the gain of the 
integrated continuous-time ?lter; and 

a second transconductor coupled to the bandWidth control 
signal, the bandWidth control signal controlling the 
bandWidth of the integrated continuous-time ?lter. 
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20. The adaptive cable equaliZer in accordance With claim 

19 Wherein the circuitry for processing comprises digital 
signal processing circuitry for generating the gain control 
signal and the bandWidth control signal in response to 
minimizing an autocorrelation of the input signal. 

21. The adaptive cable equaliZer in accordance With claim 
20 Wherein the digital signal processing circuitry comprises: 

an analog-to-digital converter for converting the output 
signal into a digital output signal; 

circuitry means for processing the digital output signal 
using an autocorrelation algorithm and generating a 
digital bandWidth control signal and a digital gain 
control signal; 

a ?rst digital-to-analog converter for converting the digi 
tal bandWidth control signal into the bandWidth control 
signal for input to the integrated continuous-time ?lter; 
and 

a second digital-to-analog converter for converting the 
digital gain control signal into the gain control for input 
to the integrated continuous-time ?lter. 

22. The adaptive cable equaliZer in accordance With claim 
19 Wherein the circuitry for processing comprises analog 
signal processing circuitry for generating the gain control 
signal and the bandWidth control signal in response to a 
comparison betWeen amplitude characteristics of the output 
signal of the integrated continuous-time ?lter and ideal 
amplitude characteristics of the input signal. 

23. The adaptive cable equaliZer in accordance With claim 
22 Wherein the analog signal processing circuitry comprises 
a peak detector. 

24. The adaptive cable equaliZer in accordance With claim 
16 Wherein the circuitry for processing is fabricated on the 
substrate and the integrated continuous-time ?lter and the 
circuitry for processing are fabricated using CMOS tech 
nology. 

25. The adaptive cable equaliZer in accordance With claim 
16 Wherein the continuous-time ?lter includes at least one 
pole location and at least one Zero location and the control 
signal shifts the at least one pole location and the at least one 
Zero location thereby controlling the transfer characteristics 
of the continuous-time ?lter. 

26. A method for compensating for distortion of a signal 
caused by the transmission of the signal through a transmis 
sion medium, comprising the steps of: 

receiving the signal; 
performing an adaptive algorithm on the received signal 

using one or more knoWn parameters of the received 
signal; 

generating a control signal in response to the performance 
of the adaptive algorithm; 

feeding back the control signal to an integrated 
continuous-time ?lter; and 

?ltering the received signal With the integrated 
continuous-time ?lter to generate an equaliZed signal, 
Wherein the control signal comprises a gain control 
signal for adjusting gain of the integrated continuous 
time ?lter and a bandWidth control signal for adjusting 
bandWidth of the integrated continuous-time ?lter. 

27. The method in accordance With claim 26 Wherein the 
performance of the adaptive algorithm minimiZes an auto 
correlation of the received signal. 

28. The method in accordance With claim 26 further 
including the step of compensating for semiconductor pro 
cess variations. 


